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Intermetal dielectric (IMD) and interlevel dielectric (ILD) that have dielectric constants (K) ranging from 2.0 to 2.6 are prepared 
from plasma or photon assisted CVD (PACVD) or transport polymerization (TP). The low K dielectric (LKD) materials are prepared from 
PACVD or TP of some selected siloxanes and F-containing aromatic compounds. The thin films combine barrier and adhesion layer 
functions with low dielectric constant functions, thus eliminating the necessity for separate adhesion and barrier layers, and layers of low 
dielectric constant. The LKD materials disclosed in this invention are particularly useful for < 0.18 ^ni ICs, or when copper is used as 
conductor in future ICs. 
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LOW DIELECTRIC CONSTANT MATERIALS PREPARED FROM PHOTON OR PLASMA 
ASSISTED CVD 



5 - 

Cross Reference 

Lee et al.. Precursors for Making Low Dielectric Constant Materials with 
Improved Thermal Stability. Attorney Docket No.: QTII 8020 SRM/DBB. 
10 Leeetal. Chemicals and Processes for Making Fluorinated PoIy(Para- 

Xylylenes). Attorney Docket No.: QTII 8021 SRM/DBB. 

Lee et al., New Deposition Systems and Processes for Transport Polymerization 
and Chemical Vapor Deposition. Attorney Docket No.: QTII 8022 SRM/DBB. 

Lee et al.. Low Dielectric Constant Materials with Improved Thermal and 
IS Mechanical Properties. Attorney Docket No.: QTII 8023 SRM/DBB. 

All of the above co-pending applications are incorporated herein fully by 
reference. 



Field of the Invention 

20 This invention is related to chemical compositions and methods for preparing 

materials that have low dielectric constants LKD. These low K materials, LKD,. are 
prepared by photon assisted and/or plasma enhanced transport polymerization or 
chemical \&poT deposition of some selected siloxanes and F-containing aromatic 
compounds. The LKD materials are particularly useful for manufacturing integrated 

25 circuits that have features smaller than 0. 1 8 ^m. 



Background of the Invention 

For the past 20 years, the integrated circuit (IC) device density has doubled in 
about every 18 months. When the gate length of integrated circuits is less than 0. 1 8 ^m, 
30 the propagation time or delay time is dominated by interconnect delay instead of device 
gate delay. As the distance between metal lines decreases, the need for materials which 
can protect the integrity of the circuits also increases. 



wo 99/21706 



PCT/US98/21755 



-2. 



10 



15 



20 



25 



30 



Aluminum and copper are the metal of choice for manufacture of integrated 
circuits ^vith feature sizes of less than 0.18 Mm. Furthennore, as methods for etching 
copper are developed, integrated circuits vnth feature sizes of less than 0.13 ^m can be 
made using copper damascene along with LKD materials. 

I- Packaging of Integrated Circuits 

When aluminum or copper is used in integrated circuits, titanimn nitride (TiN) 
is used as barrier layer to improve interfacial adhesion between metal and SiO, dielectric 
materials and to prevent corrosion of the metal by the wet chemicals used during 
semiconductor processing or from fluorine liberated from fluorinated SiO, or other 
fluorinated polymers in the low dielectric polymer films. Corrosion results in the 
migration of metal ions from the metal line into the surrounding dielectric material. TTus 
lesults in increased leakage of current from the metal Une into the adjacent circuit 
components, degrading circuit perfonnance. Thus, one purpose of the glue layer or 
barrier layer is to prevent migration of metal ions from the metal lines. If TiN is used as 
a barrier layer, it must be about 200 A to about 300 A in thickness to be effective to 
protect against metal corrosion and degradation of circuit performance. Because metal 
lines are close together, the distance between fliem is limited by the thickness of the 
banier layer (2 x 200 A = 400 A) and by the intervening low dielectric material. In an 
integrated circuit with 0. 13 ^m feature size, the thickness of the barrier layer of 400 A 
leaves only 900 A of space available for the low dielectric material. Moreover, as the 
space available for dielectric material decreases, there is the increased likelihood of gaps 
or voids being formed in the dielectric layers, fiirther degrading circuit performance, 
nierefore, currently there is a need for new ways of protecting metal lines from 
corrosion while still maintaining proper dielectric efficiency. 

Moreover, when the metal gap is equal to or smaller than 0.13 pm and when 
copper is used as conductor, the dielectric effectiveness of currently available materials 
is so limited that TiN or any odier currently available metal barrier will become 
unsuitable for protecting against metal corrosion. Furthermore, the potential interfecial 
corrosion problem for copper will be even more severe than for aluminum. 
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To address this problem and others, new adhesion layer and barrier layer 
materials with low dielectric constants are being developed. Organic polymers are 
considered an improvement over inorganic low dielectric materials because the K of 
organic polymers can be as low as 2.0. However, most of the currently available 
5 organic polymers have serious problems. Specifically, they are not sufficiently effective 
as barrier layers. 

A. Siloxane Containing Polymers for Packaging 
Integrated Circuits 

10 In the 1 980s, very extensive studies have been conducted to find hermetic 

packaging technologies for copper that used in Multi-Chip Modules (MCM). Due to 
their excellent electrical and thermal properties, polysiloxanes are among the most 
prevalent materials currently used in the encapsulation of electronic components. It has 
been foimd that only silicone gels and some siloxane containing polymers can prevent 

1 5 increases of leakage currents for encapsulated Triple Track Testers (TTT) under 

pressure cooker conditions. CP. Wong, "High Performance Silicone Gels in IC Device 
Chip Enc^sulation," Afar. Res, Symp. 108:175-187 (1988). However, most of the 
conventional polysiloxanes have either gel-like or rubbery in consistency, and therefore 
have limited applications in areas demanding high mechanical strength of the coating 

20 material. 

The mechanisms for superior insulation property of siloxane-containing 
polymers are remained to be fiilly elucidated. It was rationalized though siloxanes are 
permeable to water vapor, they are perfect barriers for liquid water due to their high 
hydrophobicity. Their near zero water absorption can be attributed to the presence of 

25 siloxane derivatives presented in these polymers: 

R' 

I.I 
-O.Si-(0-Si-)„ 
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where R'. R". R'". and R- are alkyi groups, such as .CH3, and ^vherem n is 
integer of from 1 to 5. Due to very high rotational and oscillatoiy freedom of the 
substituted siloxanes including R groups such as -CH3, these siloxane groups can 
achieve very close contact with metal. The dose contact prevents water from coming 
between the polymer and metal components thereby providing a watertight seal to 
prevent the degradation of critical circuit components by water. n«se siloxanes 
therefore are suitable for barrier layer materials. 

B. Spin On Glass (SOG) 

Currently, spin-on-glass (SOG) processes uses both organic and inorganic 
compounds as precursors. Organic precursors include siloxanes which contain many Si- 
CH3 groups and inoiganic siloxane precursors contain few Si-H groups. These 
precursors, produce polymer produce thin films having dielectric constants in the range 
of from about 2.7 to 3.0. However, a crack-free SOG dry film is only attainable when 
its thickness is less than 0.25 to 0.3 ^m. Therefore, it is necessary to perfom several 
sequential SOG steps to manufacture a layer of SOG that is thick enough (about 1 ^m) 
to provide desirable sealing and dielectric properties. The total time needed to make 
SOG layers of this thickness is about 3 to 4 hours. TTus makes manufacturing SOG 
siloxane seals very inefficient. Furthermore, the SOG process is expensive due to the 
high losses (about 80 % to 90 %) of materials during spin coating. 

These SOG deposited precursors also require post-^ieposition treatments at 
temperatures higher than 410° C to reduce out gassing during deposition, reflow or 
amiealing of metals. This Wgh temperature treatment results in high residual stress, 
which ranges from about 200 to about 500 MPa at room temperature. High residual 
stress can cause delamination at dielectric materials and metal surfeces, and can crack 
metal features in integrated circuits. ITierefore, chemical processes that can deposit other 
siloxane-containing polymers are desirable. 
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IL Precursors and Polymers for Manufacturing Low Dielectric 
Constant Materials 

During the past few years, several types of precursors have been used to 
5 manufacture polymers with low dielectric constants for use in manufacture of integrated 
circuits. Transport Polymerization (TP) and Chemical Vapor Deposition (CVD) 
methods have been used to deposit low dielectric materials. The starting materials, 
precursors and end products fell into three groups, based on their chemical 
compositions. The following examples of these types of precursors and products are 
1 0 taken from Proceedings of the Third International Dielectrics for Ultra Large Scale 
Integration Multilevel Interconnect Conference (DUMC), Feb. 10-11 (1997). 

A. Modification of Si02 by Carbon (C) and Fluorine (F) 

The first method described is the modification of Si02 by adding carbon and/or 
1 5 fluorine atoms. McClatchie et al., Proc, 3d Int DUMC Conference, 34-40 (1 997) used 
methyl silane (CH3-SiH3) as a carbon source, and when reacted with SiH4 and the 
oxidant H2O2 and deposited using a thermal CVD process, the dielectric constant (K) of 
the resulting polymer was 3.0. However, this K is too high to be suitable for the 
effici^t miniaturization of int^rated circuits. 
20 Sugahara et al., Proc, 3d Int. DUMIC Conference, 19-25 (1997) deposited the 

aromatic precursor, C6Hs-Si-(0CH3)3 on SiOs using a plasma enhanced (PE) CVD 
process that produced a thin film with a dielectric constant K of 3. 1 . The resulting 
polymer had only fair thermal stability (0.9% weight loss at 450** C in 30 minutes under 
nitrogen). However, the 30 min heating period is shorter than the time needed to 
25 manufecture complex integrated circuits. Multiple deposition steps, annealing, and 

metalizing steps significantly increase the time during which a wafer is exposed to high 
temperatures. Thus, this dielectric material is unsuitable for manu&cture of multilevel 
integrated circuits. 

Shimogaki et al., Proc 3d Int. DUMC Conference, 189-196 (1997) modified 
30 SiOi using CF4 and S1H4 with NO2 as oxidant in a PECVD process. The process 

resulted in a polymer with a dielectric constant of 2.6, which is much lower than that of 



wo 99/21706 



PCT/US98/2175S 



10 



15 



20 



25 



30 



SA (K - 4.0). However, one would expect low thennal stability due to low bonding 
energy of sp^CF and sp'C-Si bonds (BE = II 0 and 72 kcal/mol.. respectively) in the 
film. He low thennal stabiUty would result m films which could not withstand the long 
penods at high temperatures necessary for integrated circuit manufacture. 

Siloxanes have been deposited using plasma dissociation processes (e.g., H 
YBSud!i, Plasma Polymerization, Academic Press (1985); M. Shen and A.T. Bell 
^ots:PIas»u, Polymerization. ACS Symposium Series, Vol.108. ACS (1979). ITiese 
Inferences are herein incon,omed fully by reference. However, because these siloxane- 
contanung polymers have low thennal stability, none of the mentioned siloxane polymers 
IS adequate for IC febrication meeting the requirements for small feature size. 

B. Amorphous-Carbon (aC)- and Fluorinated Amorphous Carbon 
(F-oO-Contaimng Low Dielectric Materials 

nie second approach described involves the manufacture of onarbon and a- 
fluorinated carbon films. Robles et al., Proc. 3d In, DUWC Conference, 26-33 (1997) 
used various combinations of carbon sources mcluding methane, octafluorocyclobutane 
and acetylene with fluorine sources including C,F, and nitrogen trifluoride (NF3) to 
deposit thin fihns using a high density plasma (HDP) C VD process. 

The fluorinated amorphous carbon products had dielectric constants as low as 
2.2 but had very poor thermal stability. These materials shrank as much as 45% after 
annealing at 350° C for 30 minutes in nitrogen. 

Recently, LKD materials with dielectric constants as low as 2.5 were prepared 
by adding fluorinated aliphatic compounds into high density plasma chemical vapor 
deposition (HDPCVD). Highly cross-linked amorphous poly(tetrafluoroethylene) 
(PFTE; Teflon ™, registered tradename of DuPont Inc.) with a dielectric constant of 2 0 
has also been made by plasma polymerization of CF,= CF,. However, these materials 
have poor thermal stabihty. 

One theory which could account for the low thermal stability of the fluorinated 
amorphous carbon products is Ae presence of large numbers of sp»C-F and sp^CVC 
bonds in the polymers. These bonds have a bonding energy of 1 1 0 kcal/mol and 92 
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kcal/mol, respectively. Thus, the films cannot withstand the long periods of high 
temperatures necessaiy for IC manufacture. 

Poly(para-xylylenes) or PPX have dielectric constants ranging from of 2,4 to 
3.5. They can be deposited at low temperatures. The fluorinated PPX (F-PPX; 
5 Parylerie-F™, a trademark of Special Coating Systems, Inc.) has greater thermal 

stability than cross-linked poly(tetrafluoroethylene) due to the presence of phenylene 
groups in the repeating units. However, like cross-linked poly(tetrafluoroethylene), 
decomposition of F-PPX will potentially cause corrosion of copper in integrated circuits. 
Decomposition liberates free fluoride ions (F ), which can corrode circuit components. 
1 0 Therefore, there is a need for the development of new materials for sealing integrated 
circuit components. 

IIL Methods for Deposition of Materials With Low Dielectric Constant 
The deposition of low dielectric materials onto wafer surfaces has been 

1 5 performed using spin on glass (SOG), but for newer devices which have features smaller 
than 0.25 ^m, SOG processes cannot fill the small gaps between features. Therefore, 
vapor deposition methods are preferred. Of these, transport polymerization (TP) and 
chemical vapor deposition (CVD) are most suitable. 

Commercial organic and inorganic spin on glass (SOG) methods deposit mostly 

20 low molecular weight siloxanes. They have disadvantages for integrated circuit 

manufacture. SOG processes generate waste solv^ts and also have low deposition 
efficiencies, resulting in wasting of materials and increased cost of final products. 

In both TP and CVD, in contrast, the precursor molecule is dissociated (or 
cracked) to yield a reactive radical intermediate. The reactive intermediate contains at 

25 least one unpaired electron which upon deposition onto the wafer can bind with other 
reactive intermediate molecules to form a polymer. The polymer thus forms a thin film 
of material on the substrate. These processes are more efficient at utilizing precursors 
than are SOG processes. No extra precursors are needed to overcome the losses due to 
material spinning off of the wafer. Thus, transport polymerization and chemical vapor 
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A. Chemical Vapor Deposition 
Chemical vapor deposition has been used to deposit thin films with low 
d.electnc constant. Sharangpani and Singh,P.... 5^7„, z)JZft^cCo„>«„.. 1,7.120 
(1997) reported deposition of amo^^hous poly(tetrafluon)ethyIene) using a liquid 
mjecon system. A dispersion ofPFTE is grayed di«ctly on a wafer substrate which 
.s exposed to ultraviolet light and light f^m tungsten halpgen lamps. Unfortunately 
PFre has a low glass transition temperature (Tg) and cannot be used for IC fabrication 
requirmg temperatures of greater than 400» C. 

LabeUeetal., Z)J^CCo«/ere«ce. 98-105 (1997) reported usin^ 

pulsed radio frequency (RF) plasma enhanced CVD (PECVD) pr^^ess for deposition of 
hexafluoropropylene oxide. However, as with poly(tetrafluoroethylene). the resulting 
polymers have low Tg values and cannot withstand die high temperatures require, for 

semiconductor processing. 

Kudo et al., Proc. 3d In, DUMC Conference, 85-92 (1997) reported using a 
PECVD process for deposition of hydrocarbons including C,H^(CH,+QF,) 

Lang et al., Mat. Res. Soc. Symp. Proc. 38 1 :45-50 (1995) reported thennal 
CVD process for deposition of poly(naphthalene) and poly(fluorinated naphthalene) 
Aldiough polymers made from these materials have low dielectric constats the 

polymers are very rigid, being composed ofadjoining naphthalene moieties. Ttm they 
are prone to shattering witii subsequent pit)cessing such as CMP. 

Selbrede and Zucker. Pioc. 3cllnt. DUMIC Conference, 121-124 (1997) 

reported using a thennal TP process for deposition of Pao'lene-N™. n»e dielectric' 

constant of the resulting polymer (K = 2.65 - 2.70) also was not low enough 

Furthermore, the decomposition temperatiire (Td) of the thin fibn was also too low to 

witiistand temperatures greater than 400« C. 
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Wang et al., Proc. 3d Int. DUMC Conference, 125-128 (1997) rqwited that 
annealing a deposited layer of poly(para-xylylene) increases the thermal stability, but 
even then, the loss of polymer was too great to be useful for fiiture IC manu&cturing. 

Wary et al. {Semiconductor International^ June 1996, pp: 211-216) used the 
5 precursor («, oc^ oc'^ oc'^ tetrafluoro-di-p-xylylene) and a thermal TP process for making 
polymers of the structural formula: {-CF^-CeH^-CFj-ln- Fihns made from Parylene AF- 
4*"^ have a dielectric constant of 2.34 and have increased thermal stability compared to 
the hydrocarbon dielectric materials mentioned above. Under nitrogen atmosphere, a 
polymer made of Parylene AF-4™ lost only 0.8 % of its weight over 3 hours at 450° C. 
10 However, the melting point of Parylene AF-4^ is about 400'' C, which is too low for 

metal annealing. In addition, Parylene AF-4™ has poor adhesion to metal and its dimer 
precursor is too expensive and not readily available for future IC manufacturing. 

All of the aforementioned references are hereby incorporated fiiUy by reference. 

15 B. Transport Polymerization 

In contrast to a CVD process, transport polymerization (TP) (Lee, C. J,, 
Transport Polymerization of Gaseous Intermediates and Polymer Crystal Growth. J. 
Macromol Sci, -Rev. Macromol Chem. C16:79-127 (1977-1978), avoids several 
problems by cracking the precursor in one chamber and then transporting the 

20 intermediate molecules into a different deposition chamber. By doing this, the wafer can 
be kepi cool, so that metal lines are not disrupted, and multiple layers of semiconductor 
devices may be manu&ctured on the same wafer. Further, the conditions of cracking 
can be adjusted to maximize the cracking of the precursor, curing that very little or no 
precursor is transported to the deposition chamber. Moreover, the density of the 

25 transported intermediates may be kq)t low, to discourage re-dimerization of 

mtermediates. Thus, the thin fibns of low dielectric material are more homogeneous and 
more highly polymerized than fihns deposited by CVD. Therefore, these fibns have 
higher mechanical strength and can be processed with greater precision, leading to more 
reproducible deposition and more reproducible manu£su:turii^ of integrated circuits. 



30 
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Summary of the Invention 

objective ofthismvention is to develop novel dielec^^ 
for integrated circuit manufacture. 

Another objective of this invention is the man„fecture of gradient thin films in 
whch the co.posit.on of the polymer layer differ, along the film's thickness to pn,vide 
Changes m dielectric constant. 

Yet another objective of this invention is the manufecture of gradient thin films 
m wbch the composition of the polymer layer differs along the film's thickness to 
provide changes in thermal properties. 

Afi'^herobjectiveofthisinventionisthemanufectureofgradientthinfihnsin 
which the composition of the polymer layer difiers along the film's thickness to provide 
changes m mechanical properties. 

Another of the objectives of this invention is to provide LKD consists of 
sufficient amount siloxanes for hennetic protection of copper and other metals and 
1^ niaterials. 

An additional objective is to provide molecular structures with high rotational 
flexibihty between the silicon atoms and the planar configurations of the aromatic 
ino.et.es to permit tight bonding ofthe molecule to the substrate. 

Anofter objective is to provide processes that result in low residual stress at 

20 polymer/metal interfeces. 

Yet another objective is to provide LKD materials that have also sufficient 
thermal and mechanical properties. 

Therefore, the invention discloses new precm^ and methods for depositing 
materials with low dielectric constants. 



25 



30 



In one aspect of this invention, p,«:u,.ors containing aromatic moieties 

contamingsp^-C-F bonds aredeposited along with SiO^toprovidethinfihus with low 
dielectric constant, high thennal stability, and high mechanical strengtf,. 

In another aspect of this invention, methods for transport polymerization and 
chemicl vapor deposition using plasma energy sources ar. used to deposit novel thin 
films usmg siloxane and aromatic hydrocarbon precureors. 
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In yet another aspect of this invention, gradient fihns arc made vAuch comprise 
dq)ositing different layers of low dielectric material sequentially, each layer comprising 
different compositions of precursors. 

In this invention, the thin films are made with siloxanes and aromatic 
S hydrocarbons selected to provide adhesion layer, barrier layer, and low dielectric layer 
functions. 

In another aspect of this invention, the siloxanes contain molecular structures 
with high rotational flexibility between the silicon atoms and the planar configurations of 
the aromatic moieties to permit tight bonding of the molecule to the metal, thus providing 
10 the adhesion layer function. 

In yet another aspect of this invention, the aromatic hydrocarbons are selected to 
provide low dielectric constant, high thermal stability, and high mechanical stability, 
thereby providing barrier and low dielectric layer functions. 

In other aspect of this invention, the dielectric constant of these materials range 
15 from 2.0 to 2.6. 

In yet another aspect of this invention, the residual stress of these materials on 
copper ranges fi'om 25 to 50 M Pa at room temperatures. 

In a further aspea of this invention. These polymers form primarily 3- 
dimensional networks. 

20 Other objects, aspects and advantages of this invention can be ascertained from 

the review of the additional detailed disclosure, the examples, die figures and the claims. 

Brief Description of the Figures 

Fig. 1 depicts structures of some aromatic precursors of this invention. 
25 Fig. 2 depicts structures of some isomers of one of the precursors of this 

invention. 

Fig. 3 depicts structures of some side products of this invention. 
Fig. 4 is a schematic diagram of a transport polymerization syst^ using 
electromagnetic radiation to dissociate precursors. 
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Fig. 5 is a schematic diagram of a transport polymerization equipment 
employing IR radiation. 

Fig. 6 is a schematic diagram of a transport polymerization system employing 
radio frequencies to generate a plasma. 

Fig. 7 is a schematic diagram of a transport polymerization system employing 
microwaves to generate a plasma. 

Fig. 8 is a depiction of an inductively coupled high density plasma appanrtus.. 

Fig. 9 depicts a schematic diagram of a combination transport polymerization 
and chemical vapor deposition reactor utilizmg photon-plasma and infrared radiation. 

Fig. 10 is a depiction of a cluster tool which can be used to deposit step-gradient 
films of this invention. 

Fig. 1 1 is a schematic diagram of a step-gradient fihn of the present invention. 
Fig. 12 is a schematic diagram of a continuous gradient fihn of the present 



mvention. 



Detailed Description of the Preferred Embodiment 

In this invention, the adhesion and barrier layers made of titanium nitride, 
titanium oxynitride, or other conventional materials are replaced with siloxanes ^ 
aromatic hydrocarbons selected to provide adhesion layer, barrier layer, high thermi 
stability and low dielectric layer fimctions. The siloxanes contain molecular structures 
w-th Ugh rotational flexibility between the silicon and oxygen atoms and the planar 
configurations of the aromatic moieties to pennit tight bonding of the molecule to the 
metal, thus providing the adhesion layer fimction. Hie aromatic hydrocarbons are 
selected to provide low dielectric constant, high thennal stebiUty, and high mechanical 
stability, thereby providing barrier and low dielectric layer fimctions. TTie materials 
with low dielectric constant having high thennal stability and high elastic modulus (E) 
are prepared by plasma assisted or photon assisted transport polymerization or chemical 
vapor deposition of some selected sUoxanes and fluorinesiontaining aromatic 
compounds. TTie dielectric constant of these materials range from 2.0 to 2.6. TTie 
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residual stress of these materials on copper ranges from 2S to SO M Pa at room 
temperatures. These polymers form primarily 3-dimensional networks. 

I. Precursors 

S The precursors useful for this invention include selected siloxanes and F- 

containing aromatic compounds. 

A. Siloxane Derivatives 

The siloxane derivatives useful for this invention comprise the following 
1 0 chemical structures: 

I ■ 
(-0-Si-)„ 

I 

15 R» 

^ere R* and R" are fluorinated alkyl groups; or aromatic mono-, di-, tri-or tetra- 
radicals and their fluorinated derivatives. The siloxanes can be linear or cyclic 
compounds and n is an integer of at least 1. When n is from 3 to 5 and R' and IV' are 

20 selected from the group consisting of -H, -CH3, -CF3, '{CU^^'CF^r C2H5, -C^Hs 

Q(CF3)H4, various commercial siloxane products are available. Other useful siloxanes 
can be found in some textbooks, such as John Ziegler and F.W. Gordon Pearson, Ed. 
Silicon-Based Polymer Science i4rfv. Chem. Series No 224, ACS (1990). Although 
these siloxanes have been previously described, none of them has been used to rqslace a 

2S barrier layer or adhesion layer in the manu&cture of int^rated circuits. 

The most useful siloxane derivatives include cyclic siloxanes, wherein n is 
between 2 and about 7, preferably about 4 to about 5, or wherein R' and R" are 
fluorinated alkyl groups, or are fluorinated aromatic groups described below. Siloxanes 
and fluorinated aromatic precursors have been used separately in plasma deposition of 

30 polymers, but not their admixtures for use in IC apphcations. 
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B. Fluorinated Aromatic Moieties 

Aromatic precursors useful for this invention include compounds ^vith the 
followi^g structure: Y - Ar - (Y' whe^in the Ar is an aromatic compound 
consistmg primarily of sp^C to sp^C and sp^C-Y bonds, and wherein Y and Y' are a 
leaving groups selected from the group consisting of -H, -Ci, -Br. -NR, -SR, 
-SIR, . -NR,and -SO^ and wherein R is -H, an alicy group or an aromatic mono- 
radical, and 2 is an integer ranging from 1 to 6. Some examples of the aromatic 
compoumis are : G,F„H,^, CF3-QF,, CF3-C,F,-CF, CF^-C^, 
Ch-C^FrC^, -CF3,andC,oF,. 

Additional aromaticstructures can be found in the attached Figs. I to 3. 
Figure 1 depicts structures of some aromatic moieties useful for this invention. 
The moiety -CF.-C ^-CF, - is used in poly(para-xylylene) Parylene ™ (a trademark of 
Specialty Coating Systems. Inc.) as a material for manufecturing semiconductor thin 
films with low dielectric constants. 

Other precursors of this invention contain aromatic moieties which have from 
more than about 6 to about 40 carbon atoms. Precursors of this invention can be 
classified according to the following formulas: 
-CioH(6,„) F„-, wherein n is an integer ranging from 0 to 6; 
-Ci2H(8-n) F„-, wherein n is an integer ranging from 0 to 8; 
-Ci3H(7^)F„-. wherein n is an integer ranging from 0 to 7. 

-Ci4H(8.„)F„-. wherein n is an integer ranging from 0 to 8; 
-Ci6H(io.„)F„-, wherein n is an integer ranging fhim 0 to 10. 

nie di-phenylenyl moiety (-C,oH(,.„,F„-) where n is an integer of from 0 to 8 
consists of two phenylenyl moieties covalently linked together. TTie anthnicenyl 
(-CmH(8.„)F„.) moiety wherein n is an integer of from 0 to 6. the phenanthienyl 
(-CmH,3.„)F„-) moiety wherein n is an integer of from 0 to 8, the 4-ring pyreneyl 
(-C><^1(8.„)F„-) moiety wherein n is an integer of from 0 to 8 ai« useful. Further, more 
complex aromatic structures such as a naphthenyl moiety connected to a phenylene 
moiety (-C,^,^^„.) wherein n is an integer from 0 to 10 are useful in this invention. 
Furthennore. a three-ring structure (-C,3H(,,,F„.) also is useful. 
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Moreover, covalently linking similar or different aromatic residues together 
creates larger aromatic moieties. For example, linking phenyleneyl and naphthenyl 
residues into a phenylraeyl-naphthenyl moiety results in an aromatic moiety with the 
structural formula: (C6H4.„F^-(C|oH6.™F J, where n and m are integers. Similarly, 
S linking' a phenanthrenyl residue and a pyreneyl residue results in an aromatic moiety 
with the structural formula: -(C,4H(8^)F^-(C,6H(8^)Fn)-. All such combinations of the 
aforementioned aromatic moieties which consist of up to about 40 carbon atoms are 
considered to be part of this invention. 

Numerous positional isomers exist for each of the above formulas. The term 

10 positional isomer refers to the relative location of the radical-containing moieties on the 
aromatic groups. In addition to positional isomers, the location of the fluorine atoms 
also may be different for each of the positional isomers. For instance, when the aromatic 
group has the general formula: -CioH(6^,)Fn-, tiiere are 9 and 39 positional isomers for n 
= 0 and 1 respectively (see Fig. 2). For each of the positional isomers shown in Fig. 2, 

1 5 there are several fluorine-isomers. The number of these mono-fluoro-isomers is shown 
in parentheses. All partially or fully fluorinated aromatic moieties and all of the 
positional isomers are included in this invention. 

However, not all of these positional isomers are equally useful in transport 
polymerization for the preparation of thin films for IC febrication. Isomers, vyhen 

20 formed into reactive intermediate di-radicals, may not form polymers at all. For 
example, for the (1, 2) isomer as shown in Fig. 2, the radical groups are too close 
together on the aromatic moiety, and the reactive intermediates will mostiy form 
undesirable side products such as monomers and dimers (Fig. 3), and will not form 
polymers. When these monomers and dimers deposit on wafers along with polymers, the 

25 resulting thin films will be contaminated with hquid or powdered side products, and 

thereby becoming useless for integrated circuit fabrication. For the same reason, the (1, 
8) isomer also is not useful. 

These powdery dimers form on wafers when the v^or pressure is too high 
or/and its resid^ce time, T, inside the chamber is too long. Attempts to increase 

30 deposition rate by increasing the chamber pressure resulted in more dimer formation and 
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concomitant loss of dielectric efficiency unless the residence time in the chamber is very 
low. The sufficiently short residence time needed to avoid powder fonnation on cold 
wafers can only be obtained by using small deposition chambers. Because the smaUest 
chamber size is limited by the wafer diameter, the height of the chamber should be ve^ 
small. Constrains on the dimensions of the chamber can lead to poor deposition patterns 
if the flow of intemiediates is focused on a particular portion of the wafer. In some of 
the new deposition systems of co-pending application, the chamber is designed to 
accommodate devices which can re-distnbute the flow pattern of intermediates onto the 
wafers. If the chamber is too small, there will be insufficient room to incorporate flow 
pattern adjusters or diffusion plates into the systems. Moreover, with small chamber 
dimensions, it is difficult to provide adequate devices for automated wafer handling. 

On the another hand, intermediate di-radicals generated from the (1, 6) isomer 
will not fomi dimers because of the stearic hindrance of its bulky Ar group as shown in 
Fig. 3. For the same reason, except for the (1, 2) and (1, 8) isomers, other C-IO di- 
radicals will tend to not form side products on wafers even though they have a high 
residence time and/or under high vapor pressure. Tlierefore, these polymer prmirsors 
are fevored for potentially getting much higher deposition rates. 

Therefore, it is desirable to chose isomers in which the formation of dimers or 
monomers is not fevored. By selecting the positional isomers such that the inactive 
groups are sufficiently far apart, dimer or monomer formation is minimized. It is 
desirable for the end-to-end length (IJ to be at least 4 A, and preferably, I„ should be at 
least 6 A. End-to-end length is calculated using bond angle and bond length of repeating 
units in the polymers. 

Asymmetrical isomers with lower extended chain lengths will have higher G and 
E. However, symmetrical isomers have higher Tg due to the higher cohesive energy, 
which results from the more complete aligmnent of aromatic moieties. Tte more 
complete aligmnent results in closer approximation of n electrons in the adjacent 
aromatic moieties, which results in the formation of tighter n bonds being formed 
between adjacent aromatic moieties. 
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For the di-phenylene moiety, there are several positional isomers. In these 
positional isomers, the arrangement of the reactive groups can be para-para (pp), meta- 
para (mp), para-ortho (po), meta-ortho (mo), ortho-ortho (oo), para-meta (pm), or meta- 
meta (mm). Note that the oo positional isomer will be constrained to a trans-like 
5 configuration, wherein the two radical-containing moieties of Compound IV will not be 
close together. If they are too close together, they may form a monomer, which will 
contaminate the polymer. Fortunately, the oo monomer is highly unstable, and does not 
easily form. 

Some of the naphthenyl (Cjo) isomers, such as the (1, 5) and (3, 7) isomers, 

10 have a symmetric configuration, therefore they are likely to form highly crystalline 
polymers. For the same polymer, thin films with higher degrees of crystalinity have 
higher thermal stability, higher Elastic Modulus and higher Tg and lower Coefficient of 
Thermal Expansion (CTE). For this reason, Parylene AF-4™ deposited at higher wafer 
temperatures resulted in higher Tg and E and lower CTE than those of fihns deposited at 

1 5 lower wafer temperatures. 

When the aromatic compoimds are used in conjunction with siloxanes, one 
theory which may account for the improved thermal stability and improved mechanical 
properties of the resulting materials is that the bond types present in the new materials 
have more cohesive energy than the bond types of other, previously used materials. 

20 First, sp^C = sp^C bonds in aromatic compounds have much higher bond strength and 
cohesive energy than sp^Si - sp^C or Si-C bonds in the siloxanes. For single bonds, the 
sp^C - sp^C bond, or hyperconjugated C-C bond, the sp^C-X , or hyperconjugated C-X 
bond both have higher bonding energy (BE) and cdiesive energy than the sp^ Si- sp^C 
and sp^ Si -X bonds. This is due to the so called "hyperconjugation" effect. The 

25 hyperconjugation results firom participation of the o-bonds electrons of the C-C or C-X 
single bond in overlapping with the n-orbitals of a neighboring C=C double bond. The 
resonance stabilization of a single bond by a neighboring double bond increases its 
bonding strength. This is especially effective when the X is an electron withdrawing 
group such as fluorine atom. For the above reason, the bonding ^ergy of the C=C-F 
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bondishigherthanlhatoftheC-C-FandSi-Fbonds. Exaniples of these 
are found in Table 1. 
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bondeneigies 



5 labkJ. 

(BE) 52 ,11 

(kcal/mol) 

Bond Energy 98 fo2 f^f^^ ^ 

(BE) '"'^ . "5 135 

(kca]/mol) 

^^^°fTablelisiakenih»nStreitwiesseretal.,7«/rodi«^^^^^ 
C/.e«,..;:,, Appendix n. Unive«ity of Califonua Press. Berkeley. Califo^ia (1992) 
mcon^orated herein fully by refere««. TT» bond ene.^ (BE) of a sp^C-X boml 
be higher than that of a sp^Si-X bond when X = H, C and S; however, its opposite is 
true when X = F. CI and O. For instance, the BE of a sp3Si-F bond is 135kcal/nK.l 

versusllOkca.^01. ofasp3C-F bond. Despite its high BE. SiOFfibnsconsisti^g of 
more than 4.2 atomic-F -/. are fou«i to be very unstable under pressure cooker 
conifons (Passemard et al. Fluorine Stability in FluorosUicate Glass and Elftcts on 
Dielectnc Properties. Proceedings of the 2dDUMC, p 145. 1996). It has been 
theonzed that due to higher reactivity of sp'Si-F bonds to^^ds fluorination comparing 
to S,.0 bonds, plasma polymerization of precu.,ors containing > 4.2-/o fluorine result in 
SiOF fihns comprising mostly F-Si-F. (Takamu« et al. Preparation of Stable Fluorine- 
Doped Silicon Oxide Fihn by Biased HeUcon Plasma CVD, Proceedings of the 2d 

DUmC^m, 1996). I>«etothesereasons.stableSiOFfihnsarelimi.edtothose 
having a dielectric constant of 3.5 or higher. 

After polymerization, the sp^Si-F bond in a F-Si-F group can be easily 

hydrolyzcd due to thehigh polarity resulting fh>m presence of the second fluorine on th^ 
group. 'T^r.^^.,Proceedingsofthe2dDUMIC,2Zl,^m6). Hydrolyzed Si- 
F bonds will release HF acids and comxfc metals in integrated dreuits 
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In this invention, organic compounds consisting mostly of sp^C-F bonds are 
used to lower dielectric constant of SiO containing films. The sp^C-F bond has high 
thermal stability and excellent hydrolytic stability. Unlike for sp^Si-F and sp^C-F bonded 
moieties, there is no similar limit for the atomic % of F content for thin fibns comprising 
5 sp^C-Fbonds. Thin fihns prepared from this invention can have K as low as 2.0- 2.3 
and excellent thermal stability. 

Therefore, these new precursors can replace titanium nitride (TiN), TaN, WN, 
TaSiN, WSiN, and similar materials as barrier layers and adhesion layers. However, 
the use of these new precursors as barrier and adhesion layers requires the development 
1 0 of equipment for low temperature dissociation and deposition. The equipment used is 
described in the above-described co-pending applications. 

II. Deposition of Precursors 

The polymers and siloxane derivatives of this invention can be deposited using 
15 any conventional CVD or transport polymerization method which uses "cold 

dissociation" methods. As used herein, the term "cold dissociation" methods are those 
which do not appreciably heat the precursors. Such cold dissociation methods include 
photon assisted (PA) or plasma enhanced (PE) processes. 

20 A. Photon Assisted Transport Polymerization 

Photon assisted transport polymerization and chemical vapor deposition can use 
infrared (IR), ultraviolet (UV) or vacuum ultraviolet (VXA^ sources, or combmatiohs of 
the above. A desirable energy source is incoherent excimer radiation that is derived 
from a dielectric barrier discharge. UV and VUV photon energies that are in tiie range 

25 from about 3 to about S eV are especially useful. 

One option of this invention is to first deposit on metal surfaces a layer of 
siloxanes ranging from 100 to 500 A, then switch to depc^ition of fluorinated aromatic 
polymers. Another option is to deposit copolymers of siloxanes and fluorinated aromatic 
compounds by introducing admixtures of these two types of compounds with various 

30 mixing ratios. Additionally, gradients of polymers can be made by gradually changing 
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the composition of the precursors introduced into the deposition system during 
deposition. Anotheroptionistomakeadamascenedielectricstmcturewithatop layer 
of PACVD siloxanes for better LKD to copper adhesion. In addition to equipment 
utilizing thennal methods for dissociating precursors, equipment utilizing 
electiomagnetic radiation is useful for practicing this invention. Useful electromagnetic 
radiation is in the infrared (IR), ultraviolet (UV) and vacuum ultraviolet (VUV) spectra. 
UV and VUV produce no heat, whereas IR produces heat. When used in combination, 
IR and either UV or VUV can dissociate precursors with increased efficiency. 



1. Transport Polymerization Using Combined IR. UV 
and VUV Sources 

Figure 4 is a schematic diagram of a tiansport polymerization system 400 using 
electromagnetic radiation as an energy source for cmcking precursor molecules. 
Precurson, are transported from ti,e precursor tank 404 tiirough a pipe 408 and tiirough 
a mass flow controller 412 tiirough anotiier pipe 416 and into a tube 420 which is 
ti^ansparent to the types of electromagnetic radiation to be used. For IR irradiation, a 
glass tube is sufficient. For UV irradiation, quartz tubes are necessary, and prefembly 
are made of a single crystal quartz. For VUV irradiation, tubes made of MgF^, LiF, or 
CaF, are necessary because the short wavelengths of VUV cannot pass easUy tiffou^ 
20 quartz. 

In another embodiment of the invention, the electromagnetic energy source can 
be located at a site within tiie central area of flow of precursors. Witi, tiiis 
configuration, a large proportion of tiie electromagnetic energy is directed at tiie 
precursors as they flow past. TOs can increase the efficiency of precursor cracking. 

After dissociating in tube 420, tire reactive intermediates are transported into the 
deposition chamber 422 surrounded by a heater 436. The wall of tiie chamber is heated 
to decrease tiie deposition of molecules on tiie chamber wall. This heating can be 
accomplished by any conventional means, including, but not limited to resistive heating. 
After entering chamber 432, tire flow of intemrediates is adjusted by a movable flow 
pattern adjustor 440. Vertical movement of tiie flow pattern adjustor 440 adjusts ti« 
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flow rate of intermediates into the chamber 432 and aids in mi?cing the intermediates 
more evenly within the chamber 432. Horizontal mov^ent of flow pattern adjustor 440 
adjusts the flow distribution of intermediates over the wafer 448. The flow pattern 
adjuster can be a flat, stainless steel plate, or alternatively can be a porous or 
5 honeycomb structure. A gas dispersion plate 444 evens the flow of intermediates over 
the wafer 448. Dispersion holes between the flow pattern adjuster and the wafer ensure 
the dispersion of the intermediates. The wafer 448 is held by a mechanical or 
electrostatic cold chuck 452, which is cooled by any chiller 456 employing any 
conventional means, including, but not limited to liquid nitrogen or reverse Peltier effect 

10 A UV or VUV source also can be directed toward the wafer 448 to permit cross-linking 
of polymers after their deposition. A pipe 460 is for exhausting the chamber 452, and a 
pump 472 connected via a pipe 468 to a trap 464 maintain the pressure within the 
chamber at desired levels. 

Exemplary sources of UV radiation for transport polymerization can include (1) 

15 a mercury lamp that provides from 50 to 220 mW/cm^ of UV ranging fix>m 185 to 450 
nm or (2) a metal halide lamp that provides from 40 to 1 60 mW/cm^ of UV ranging 
from 256 nm to 450 nm. These UV sources provide photon energies ranging from 2 to 5 
eV, which are sufiBci^t for generating radical intermediates. 

An alternative to conventional UV light is vacuum ultraviolet (VUV). (See 

20 Van Zant, Microchip Fabrication, 3d edition, McGraw Hill, New York, 1996). 

Incoherent excimer radiation can provide a large number of UV and VUV wavelei^gtfas 
for photolytic processing of various chemicals. The preferred source is incoherent 
excimer radiation derived from dielectric barrier discharge. UV and VUV photons that 
are in the ranges of 3 to S eV are especially useful. These energy levels are comparable 

25 with the bonding energies of most chemical bonds, thus are very effective for initiating 
photochemical reactions (see Table 1). 
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Table2 

Bond Energies of Selected Bonds 

Chemical Bonds Bonding Energies (eV) 

^ <t)-CH2Br 2.52 

<|)-CH2-0R 3 52 

<|)-CH3-CH3 3.30 

(t)-CHrNH 3.09 

4)-CH,-F 4.17 

'° <|)-CH2-SR 3.20 

<|>-CH2-H 383 

Table 2 shows the bonding eneigies in electron volts (eV) coiresponding to 
certain bonds of this invention. TOs data is from Streitwiesser et al., Introduciion to 
Organic Chemistry. Appendix II. Unive«ity of California P,^s, Bericeley. California 
(1992), incorporated herein fully by reference. 

Hoxvever, the energies of mercury vapor or metal halide UV radiation are too 
small to be useful for rapid transport polymerization. TTre desired r^idence time ^vithin 
the cracking chamber, which is the time available for photolysis should be in the range 
of a few milliseconds to several hundred milliseconds. Ther^ore. VUV is the most 
desirable foim of energy for photon assisted transport polymerization. 

VUV or incoherent excimer UV sources can be provided by dielectric barrier or 
silent discharge using a variety of gas or gas mixtures according to methods known in 
the art. For example. VUV can be generated using KrBr, Ar, ArCl. ArBr. Xe, and F, 
ga^. Xeemitsatl72mn.Krat222mn.andXea emits at308m„. As can be seen 
from Table 2. nearly all of the chemical bonds of interest in polymer manufacture can be 
broken using photolytic methods. Because excimer radiation is selective for the energy 
of the specific bonds, excimer radiation from a second source or altenutively. a plasma 
source may be used simultaneously if it is desired to break other bonds at the same time 
Such a combination of excimer sources and plasma sources are useful to break bonds of 
precursors for making cross-linked poly(para-xylylenes). Because the leaving groups of 
these pr^airsors can be different, it is desirable to break those bonds selectively to 
generate tri- and tetra-functional reactive intermediates. 



20 
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Using photon-assisted processes of this invention, it is also possible to cross-link 
the novel polymers after their deposition. By directing the photons toward the surface of 
the polymer, the electromagnetic energy disrupts some of the C-F or C-H bonds, creating 
radicals, which can bond with nearby polymer chains, resulting in a cross-linked fihn of 
polymers. This can be accomplished by exposing the wafer to UV or VUV for several 
seconds up to several minutes. 



2. Transport Polymerization Using Infrared (IR) 
Radiation 



An alternative transport polymerization equipment employing IR radiation 500 
is shown in Figure 5. The precursors are transported from a precursor holder 504 
through a pipe 508 and through a mass flow controller 512 and a second pipe 516 into 
the chamber 520. The chamber contains a quartz chamber 524, optionally containing a 

1 S catalyst 528. An infrared radiation source 532 is placed outside the quartz container 

524, and the precursors are dissociated as they pass through the quartz container 524. A 
diffusion plate 536 is used to optimize the flow pattern of intermediates to the wafer 
540. Optionally, a flow pattern adjuster as shown in Figure 4 (440) may be used to 
adjust the flow of intermediates over the wafer 540. The wafer 540 is held on a 

20 mechanical or electrostatic cold chuck 544, which is cooled by a conventional chiller 
548. The pressure in the chamber is maintained by a pump 564 connected via a pipe 
560 to and a trap 556, which is connected to chamber 520 by a pipe 552. The trap 556 
protect the pump from deposition of intermediates in the pump 564. 

In IR radiation, a combination of both thermolytic and photolytic reactions are 

25 expected. Therefore, it is important to ensure that the IR power is in the range where the 
reactive intermediates can be dissociated, but where destruction of the polymer network 
does not occur. The IR power should be in the range of from 500 Watts to 3000 Watts, 
preferably from 1500 Watts to 2500 Watts, and most .preferably 2000 Watts. 
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B. Plasma Enhanced Transport Polymerization 

Plasma energy is also used to dissociate precursors into reactive inteimediates. 
Plasma sources useful for this invention can be provided by various diferent kinds of 
equipment. Michael Liebennan and Allan Lichtenberg Principles of Plasma Discharge 
arui Material Processing, Wiley Interscience. (1994). ITiere are generally two types of 
energy sources for plasma enhanced transport polymerization or chemical vapor 
deposition. TTiey are radiofrequency (RF) and microwave sources. 

Plasma enhanced TP is carried out using the novel reactors described herein 
(Figures 6 - 9). WiA low density plasma, the electron density in the plasma is in the 
range of about 10- to about 10'^ electrons/cm^. Low density plasma TP and CVD can 
be carried out at about 100 milliTorr to about 100 Torr. High density plasma (HDP) is 
characterized by electron densities in the range of about 10" to about 10" electrons/cm^ 
High density plasma TP and CVD can be carried out at pressures of about 0. 1 milUTorr 
to about 100 milliTorr. TTie higher electron density in HDP increases the fonnation of 
cross-linked polymers, because the higher energy density increases the numbers of tri- 
radical intermediates which can fomi cross-links between polymer chains. 

Several comprehensive reviews and texts have appeared on plasma 
polymerization which incorporate many of the methods currently in the art. Yasuda, 
Plasnu,Polyrrterization, Academic Press, 1985; d'Agostino. Ed.: Plasma Deposition. 
Treatment and Etching of Polymers, Academic Press. 1990; HoUahan and BeU, Ed., 
Techniques and Applications of Plasma Chemistry, John Wily and Sons. 1974;' Morita 
^t^l. Pure Appl. CAe«. 57:1277 (1985). Each of these is incorporated herein fully by 
reference. 

C. Measurement of Polymer Properties 

To describe the effects of polymer composition and process conditions on 
polymer properties, measurements of dielectric constant and polymer composition are 
measured and correlated with process <»nditions. 
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1. Dielectric Constant 

The dielectric constant is measured for samples of substrate whose dimensions 
are about O.T' x 0.1", composed of a layer of polymer sandwiched between two metal 
layers. The capacitance of the polymer layer is measured, and the dielectric constant is 
5 calculated from the result of this measurement. The error in the estimation of the area of 
the top metal layer is about 5% - 10% of the average value. The measurement of 
capacitance is accurately measured, and the dielectric constant is calculated. The total 
possible error of the calculated value of the dielectric constant is about 10% - 20% of 
the average value. 

10 

2. Film Composition 

The composition of the films is characterized by Fourier Transform Infrared 
Spectroscopy (FTIR, Bio-Rad Systems, Inc.) using methods known in the art, and the 
methods will not be discussed further. The ratio (y) of hydrocarbon CHx to SiOjis 
1 5 calculated by comparing the areas under the peaks at 3200 or 1250 cm"* with the area 
under the peak at 879 cm"* . 

D. Regulation of Physical and Chemical Properties of 
Polymer Films 

20 

1. Regulation of Process Conditions 
The plasma variables used to control the physical and chemical nature of the 
deposited polymer fibn are: excitation power in Watts (W), flow rate (F) of tiie 
monomer(s), molar rations of different monomers (for making co-polymers or gradient 

25 fitais), substrate temperature T,, deposition pressure (P), substrate bias (VX and 

monomer temperature (T„o), the flow rates of the feed gas and/or monomer(s), relative 
positions and separation of the anode and cathode plates, location of the gas inlet and 
pump outiet and control of the pump speed. All of these fectors have effects on the 
types and properties of the deposited film. Other factors such as tiie reactor geometiy 

30 can play a major role. 
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Among all plasma paz^eters. the flow rate and power level have the most 
piofound effects on the properties of deposited products. For instance, under the same 
flcnv rate, mcr««ing power levels resulted in thin fihns of higher dielectric constants 
high glass transition temperatures and thermal resistance for a given composition of ' 

saw chemicals. On the another hand, underthe same power level, increasing flow 
rates w.11 result in lower dielectric constant and thennal stability of the products due to 
presence of large amounts of -CH,- groups (X = 1 to 3). TOs is because CH.- 
contammg polyme. such as polyethylene (K = 2.0) have lo^r dielectric counts than 
does SiOj(K = 4.0). 

All depositions can be perfonned after subjecting the su.^ to an in^tu 
aigon plasma pre-cleaning step. TT.e fihns are deposited at RF pov^ of a few 
tens of Watts to a few hundred Watts with a gas flow rate of between 30 - 90 SCCM 
The chamber pressure during deposition ranges from 10"^ Toir to a few Torr 
Deposition rates vary from a few hundred A/min to close to 0.4 jun/min. 

The useful processing parameters therefore have to be optimized for each 

composition in order to obtain desirable combmations of dielectric constant, mech^^ 
propert.es such as Elastic Modulus, thennal properties such as T, and residual str«,s 
and sufficient protection of metal/polymer interfaces fh,m moisture. TT.e foUowing 
parameters were found useful for making low K dielectric materials ^th high themul 
stabdity from siloxanes of this invention. Power levels range from 80 to 300 Watts or 
preferably from 120 to 200 Watts under the gas flow rates range from 30 to 90 SCCM 
preferably from 50 to 75 standard cub:c centimeter per mimrte (SCCM) and a ^^um' 
pressure of few miUiTorr. Using these conditions, void flee thin fihns «dth dielectric 
constants rangmg from 2.2 to 2.6 can be obtained at deposition rates ranging from 1200 
A to 2000 A/rain. These fihns have Tgs in the range from 150» C to 300» C and have 
low residual stress ranging from 15 MPas to 50 MPas. 

P''^^^^<=hd.ameterwafera„dpowerlevelsbelowabout20Watts.mostofthe 
hydrocarbons oftheprecursorintroducedintothechamberaremtact However asthe 
power level increases to about 40 to 50 Watts, the hydrocarbon content dec«as« 
rapidly, hcreasing the power level fiirther above about 100 Watts decreases the 



wo 99/21706 



PCTAJS98/21755 



-27- 

hydrocarbon cont^ts is greatly reduced for the gas flow rates studied. For larger 
wafers, the power should be increased proportionately. 

Also, for 4 inch diameter wafers, for the precursor is {Si-(OCH3)2}4, and when 
Y (1250/870 cm'*) decreases from 0.08 top 0.37, the dielectric constant of the resulting 
5 fihn increases from 2.0 to 3,5. Therefore, when the flow rates is 30 SCCM, K increases 
from 2.3 to 2.8 as the power level increases from 80 Watts to 250 Watts. At higher 
flow rates of 75 SCCM, K increase from 2.25 to 2.4 as the power level increases from 
80 to 150 Watts. For larger wafers, the power should be increased proportionately. 

Additionally, for 4 inch diameter wafers coated with the above films. Electron 

10 Spectroscopy for Chemical Analysis (ESCM) is also employed for more quantitative 
analysis of surface compositions of the deposited fihns. ESCI studies indicated for a 
flow rate of 30 SCCM, as the power level increased from 80 to 200 Watts, the number 
of carbon atoms per silicon atom in the polymer film surface was 1 .36 and 1 . 17, 
respectively. Because the theoretical C/Si ration in a monomer is 2, this results indicates 

1 5 that in addition to the C-H bond dissociation, there is substantial Si-C bond dissociation 
during plasma polymerization. For larger wafers, the power should be increased 
proportionately. 

2. Manufacture of Co-Polymers 

20 Although materials with low dielectric constant (K= 2.2 to 3.2) can be achieved 

by plasma or photon assisted polymerization of siloxanes, the resulting low dielectric 
fibns usually have poorer diermal stability due to presence of large proportion of sp^ C- 
H and sp^ Si-sp^C bonds. To improve the thermal stability of the above fihns without 
compromising their dielectric properties, one can use admixtures of siloxanes and 

25 fluorinated aromatic compounds that disclosed in this invention. For example, 

admixtures of CF3-C<jF4-CH3 and {Si-(OCH3)2}4 can be used togetfier. In general, under 
the conditions described above, the thermal stability and the dielectric constant of the 
polymer increases as the molar ratio of the CF3-C^4-CH3 increases. 

These co-polymer fihns are pinhole fiiee, possess high medianical strength and 

30 adhesion and can be deposited conformally onto any sur&ces. The plasma variables can 



WO<>9«1706 



PCT/US98/2175S 



10 



-28- 

be so adju^ so as to yield a film with relatively low residual stn^. Ti^ ^rms on 
sd.co„ w,th residual stress as low as 5 to 30 MPa at room temp«ature can be achieved 
forfihnthicknessesuptoaaboutSMm. TTie coefficient of thecal e.pa„,ion 
perpendicular to the film (Z-CTE) of this film was estimated to be about 1 0 to 25 
Ppm/^C. One of the drawbacks of plasma polymerization for hydrocarbons in the past 
has been the low deposition rates. However, w,th the p^sence of sUoxanes. we have 
been able to achieve deposition rates close to 0.2 ^/min routinely and can achieve 
deposition rates of up to 0.4 um/min. 

Using admixtures of precurso,. at low precursor flow rates and low power 
levels, there is a shan^er increase in the diel^tric constant than for higher flow rates at 
higher power levels, tacreasing the flow rate does not further increase dielectric 
constant, rather, the dielectric constant levels off. The fonner can be classified as a 
"power rich" region, and the latter, a "power deficient" r^ion. «sult is consistent 
with the increases in C-H bond dissociation . which i^ults in increased ratio of SiO. to 
CHx (where X = 1 to 3) contents, as derived fi-om FTIR and ESCA studies described 
above. 

3. Manufacture of Gradient Polymer Films 

Step^radient fihns of this invention can be manufectured by depositing a first 
layer of matenal which contains siloxaaes which will adhere to the substrate TTus 
fghtly adhering layer functions as an adhesive layer, permitting subsequent layers to 
adhere to the semiconductor device. On top of this siloxane-rich layer, an additional 
layer, containing for example, a fluorinated aromatic hj^rbon can be deposited 
usmg either the same deposition chamber, or by using the cluster tool described below 
(Fig. 10). 

In another option of this invemion, continuous gradient thin fihns a« made by 
gmdually introducing different precursors or combinations of preoirsors into the 
apparatus duringtheplasmadeposition process. For instance, firs, a siloxane-rich thin 
layer ranging fh,m a few tens of A to several hund.^ of A is deposited onto a met^ 
layer. Then, on top of this siloxane-rich layer, a layer of sp^C-F bond-rich siloxanes or 
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organic compounds is made by introduced into the deposition apparatus with increasing 
molar % of fluorinated aromatic compounds toward the centers between the metal lines 
and away from the metal sur&ces. The layer making contact with the metal can be 
composed of a material with a lower dielectric constant (K < 2.0 to 2.6). This type of 
5 polymer is desirable if the polymer can withstand the temperatures of the processes, or if 
a higher K (2.6 to 3.2) is suitable. If the temperatures of the subsequent processing 
steps are unsatisfiictorily high for siloxanes, materials with higher thermal stability will 
be required. These materials also have higher dielectric constants. The siloxane-rich 
layer is well suited as a water barrier which can seal the metal lines (the "hermetic 
1 0 effect") preventing their corrosion. This is especially important when copper is used as 
the metal. 

On the other hand, by increasing the molar % of sp^C-F bonds in the polymer 
away from the metal features, materials with lower dielectric constants and increased 
thermal stability are desirable. The gradient polymer scheme increases the effective 
1 5 insulation properties, while achieving better interfacial protection of metal features. 

In another option of this invention, on top of the interlevel dielectric layer, a 
Si02-rich layer can be deposited. This can be simply achieved by increasing the power 
level of the plasma to over 300 Watts for a 4 inch diameter wafer ans using admixtures 
with higher percentages of siloxane precursors. The SiOj-rich cover layer is helpfiil for 
20 CMP of these materials and metals following dqsosition. 

£. Equipment Used To Generate Plasmas for Transport 
Polymerization and Chemical Vapor Deposition 

25 1. Plasma Enhanced Transport Polymerization Using a 

Radio Frequency Plasma Generator 

Figure 6 is a schematic diagram of a transport polymerization system 600 

employing RF to generate a plasma. The precursors are stored in a precursor holder 

604, are transported via a pipe 608 and through a liquid injector for liquid precursors, or 

30 a mass flow controller 612 for gasses, then are transported via another pipe 616 into a 

plasma tube 620 made of quartz. Preferably, the tube 616 is made of a single quartz 
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cry^. Prec«x«,rs are exposed to RF energy generated by a RF generator 626, tiuough 
a co,l 628. and a plasma 630 is thereby genemted. The plasma 630 then flows into a 
deposition chamber 634 which is surrounded by a heater 638. Tl.e heater 638 keeps the 
walls of the chamber 634 above the condensation temperature of the reactive 
intermediates. This prevents condensation of intermediates onto the walls of the 
chamber 634. TT,e flow of intennediates is adjusts! by a flow patten, adjuster 642 
Vertical movement of d.e flow pattern adjuster 642 adjusts the flow me of intermediates 
mto the chamber 634, and aids in mixing the intem,ediates in the chamber 634 
Horizontal movement of the flow pattern adjuster 642 adjusts the distribution of the 
mtermediates over the surface of wafer 650. A gas dispersion plate 646 with holes 
distnbutes the flow of intermediates evenly over the surfece of the wafer 650. 

The wafer 650 is held on a cold chuck 654, which is kept cool by a chiUer 658 
employmg any conventional exiling method, including liquid nitrogen and reverse Peltier 
effect. TTie chamber is comiected via a pipe 662 to a cold trap 666. which traps 
undeposited btermediates. TTxe pressure in tiie chamber 634 is maintained by a pump 
676 connected to tiap 656 by a pipe 670. 

Frequencies needed to generate plasmas are in a range of fiom 1 kHz to 2 5 
GHz. A preferred range is between 400 kHz and 13.56 MHz. with the most prefened 
frequencybeing 13.56MHz. The power should be in the range of30 to 300 Watts 
Preferred power range is 100 Watts to 250 Watts, and the most preferred power is 200 
Watts of discharge power. The pressure should be kept witiun a range of fiom 0 001 
Torr to 100 Torr. preferably from 50 milliTorr to 500 miUiTorr, and most preferably at 
1 00 mrlhTorr pressure. Altenatively. usiflg low frequencies (5 kHz) can result in 
formation of insoluble poly(para-xylylene) which have higher temperature resistance 
Morita et al. Trans. IEEE Japan pp: 65075 (1972). A carrier gas such a. nitrpgen or 

aigon rs used, and the flow rates of the carrier gas should be fiom 30 to 90 SCCM. 
preferably from 50 to 75 SCCM. 
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2. Plasma Enhanced Transport Polymerization of 
Polymers Using a Microwave Generator 

Microwave sources can also be used to generate plasmas for generating the 

reactive intermediates. Figure 7 is a schonatic diagram of a transport polymerization 

S system employing microwaves. Precursors are held in a precursor tank 704, and are 

vaporized, pass through a pipe 706 and through a mass flow controller 710, through a 

second pipe 714 and into a quartz tube 718. A microwave generator 722 is attached via 

a waveguide 726 to one end of the quartz tube 718, Microwave energy enters the quartz 

tube 718 where a plasma 728 is generated, which dissociates the precursors into reactive 

1 0 intermediates. After dissociation, the intermediates are transported into a chamber 730 
heated by a heating device 734, including, but not limited to resistive heater. The flow 
of the intermediates is controlled by a flow pattern adjuster 738. Vertical movement of 
the a flow pattern adjuster 738 adjusts the flow rate of intermediates into chamber 630 
and adjusts the mixing of intermediates in chamber 730. A gas dispersion plate 742 

1 5 evenly distributes the intermediates over the surface of wafer 746. The intermediates 
deposit on the wafer 746, which is held by a cold chuck 750, which is attached to a 
chiller 754 employing any conventional cooling means, including, but not limited to 
liquid nitrogen or reverse Peltier effect. The chamber pressure is controlled by a pump 
770, connected via a pipe 766 to a cold trap 762. The trap 762 is connected via a pipe 

20 758 to the chamber 730. The cold trap 762 protects the pump 770 from deposition of 
intermediates. 

Microwave power d^ity or electron field strengdi is selected based upon the 
residence time of the precursors in the chamber. The power is generally between 200 
and 700 Watts, preferably between 400 and 600 Watts, and most preferably at SOO 
25 Watts. Desirable electron energy is chosen to match the bond ^eigy of the leaving 
group. 

To prevent condensation of precursor, intermediates, or products on the 
chamber walls, the pressure within the reaction vessel should be below atmospheric 
pressure. Pressures m the range ofO.OOl to 200 Ton* woik well. Furthermore, to 
30 uihibit condensation of chemicals, the walls of the reaction chamber should be kept 
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wann, preferably in the range of SO- C to ISOX. prefembly above 100' C. TTic IR 
radiation heats the precursors to a threshold temperature, requiring less VUV power to 
complete the cracking reaction. IR also heats the chan^ber walls lo decrease deposition 
on them because VUV is a cold light source which does not heat up the chamber. 

Deposition and polymerization of reactive intermediates to fom. low dielectric 
pol3^ers is achieved by placing the wafer on a cold chuck, m temperature of the cold 
chuck should be between -198" C and 30° C. preferably at about -5" C. Any suitable 
method for cooling the cold chuck may be used, including reverse Peltier liquid 
nitrogen, or conventional relhgeration methods. Reverse Peltier and liquid nitrogen 
coohng methods are preferred. To prevent condensation of chemicals on the pump a 
cold trap is placed between the vacumn pump and the deposition chamber. 

3. High Density Plasma Chemical Vapor Deposition 

A high density plasma deposition process can also be used to dissociate 
precursors. In contrast to the low density plasma p^cess described above, in high 
density plasmas, the electron density is m the range of from about 10" to I0» electors 

This process must be carried at lower pressures than conventional plasma 
processes. In this embodiment, a inductively coupled high density plasma apparatus 800 
IS shown schematically in Figure 8. A precursor delivery system 804 volatilizes or 
vaporizes the precursor, which flows through a pipe 808 ami an anode gas injector 812 
mto the deposition chamber 816. Tbc anode gas injector 812 is attached to RF 
generators820whicharematchedbymatchingcontn,Uers824. TTe output of the RF 
generators 820 passes thn,ugh inductive coils 828 to pnxiuce an electrical field, m 
^vafcr 832 is held by a cathode electrostatic chuck 836. which is connected to the RF 

generator 820. IRsourees840provideadditional heating of precursors to decrease the 
neededplasmapowerandtoinhibitcondensationonthechamberwalls. TTreplasma 
source power needed for a wafer of 8 inch diameter is in the range of about 1 00 Watts to 
4000 Watts, and preferably about 2000 Watts. For wafers of other sizes, power should 
be adjusted accordingly. Power is in the range of about 1 Watt/cm^ of wafer surfece 
area to about 15 Watts/cm^, preferably fhnn about 2 Watti^cm^ to about 1 0 Watts/cm^ 
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and more preferably about 5 Watts/cm^. The chamber pressure is maintained in the 
range of 0.01 milliTorr to 10 miliiTorr, and preferably below 5 milUTorr by a pump and 
cold trap (not shown). The wafer temperature is in the range from about 300** C to 450*^ 
C, and is preferably about 350** C. 

4. Combined Transport Polymerization and CVD 

Apparatus Utilizing Combined Photon and Plasma 
Processes 

To improve deposition rate, a novel chamber design comprising utilization of 
magnets on the periphery of the chamber wall is used in this invention. The magnetic 
multipole configuration confines the plasma and increases the lifetime of primary 
electrons, therefore enabling the generation and sustenance of a low pressure plasma. 
This allows the deposition to occur at lower pressure and higher flow rates and 
overcomes the problem of powder formation during high deposition rates. The upper 
electrode, attached to the copper electrode is connected to the RF power through a 
matching network, and the lower electrode is connected to the groimd. A ring of 
magnets is used to confine the plasma. These magnets are attached to the outer wall of 
the deposition chamber. The advantages of locating the magnets outside the chamber 
are that the powder cannot form on the magnets themselves, and such a reactor has a 
simpler design. 

Figure 9 depicts a schematic diagram of a TP and CVD reactor 900 embodying 
the elements for photon-plasma and IR dissociation and deposition. Precursors 904 are 
stored in a precursor container 908 which is connected via a pipe 912 to a mass flow 
controller 916. For TP, precursors are transported into a dissociation reactor 924 which 
houses the dissociation chamber 928. The wall of reactor 924 is made of crystalline 
materials such as LiF, MgFj, or CaF2, which permits light of vacuum ultraviolet 
wavelengths to pass. Vacuum ultraviolet and ultraviolet light is generated by a silent 
discharge plasma generators 932, which are place inside infrared heaters 936. The 
infrared heaters 936 are placed inside DC magnets 940 and AC magnets 944. The 
magnets regulate the flow of plasma during dissociation, and the reactive intermediates 
so generated are transported to a deposition reactor 950. 
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■n»e deposition reactor 950 contains a deposition chamber 960 containing a gas 
and reactant dispersion manifold 954, a gas and reactant dispersion plate 958. m> 
waUs of the deposition chamber are made of crystalline materials such as LiF, MgF, or 
CaF„ which pemuts light of vacuum ultraviolet wavelengfts to pass. ITie gas dispersion 
manifold 954 and the gas dispersion plate 958, are used to adjust the distribution and 
homogeneity of the intennediates. The intennediates are directed Um^ the v^er 962 
which is held on a cold chuck 964. The gas dispersion manifold 954 and dispersion 
plate 958 are connected in pamllel to a DC voltage bias anode 968. a DC voltage bias 
cathode 969, an AC voltage bias anode 970, and an AC voltage bias cathode 971. Silent 
discharge plasma generators 972 are placed outside Ae deposition chamber 960 
Infrared heaters 974 are placed outside the sDent plasma discharge generators 960 and 
DC magnets 978 and AC magnets 980 are placed outside the irfiared heaters 974 
Gasses exit the deposition chamber 960 through a pipe 984, pass through a cold or 
reactive trap 988. pass through another pipe 992 to a vacuum pump 996. TT>e pressure 
m the systems is maintained at a desired pressure using pump 996. TT,e trap 988 
protects the pump from deposition of intermediates. 

For CVD, the deposition chamber can be used without the dissociation reactor 
Precursors are placed directly on wafer 962. and the chuck 964 is not cooled. IR, UV, 
or VUV radiation is directed toward the wafer 962. The radiation dissociates the 
precursor, and deposition of intennediates and polymerization takes place on the wafer . 

Table 4 shows process conditions for combined photon^lasma assisted 
precursor dissociation using chamber 928. and Table 5 shows p„x:ess conditions for 
combined photon-plasma precursor deposition in deposition chamber 960. 
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Process Conditions for Photon-Plasma Precursor Dissociation 



10 



Variable 
Temperature 
Photon Wavelength 
Photon Energy 
Photon Flux 
Plasma Density 
Pressure 



Range 
200^ C- 600*^ C 
100 nm - 400 nm 
2.5 eV - 12 eV 
10milIiW/cm2-5W/cm2 
lO'^-lO'^electrons/cm^ 
0,1 milHTorr- lOTorr 



Preferred Range 
350^ C- 500° C 
140 nm - 300 nm 
4eV-9eV 
40.100milliW/cm^ 
10*^ electrons/cm^ 
1 milliTorr - 100 milliTorr 



Tables 

Process Conditions for Photon-Plasma Precursor Deposition 



15 Variable 

Temperature 
Photon Wavelength 
Photon Energy 
Photon Flux 

20 Plasma Density 
Pressure 



Range 

-20° C - 300° C 
100nm-400mn 
2.5eV-12eV 
lOmilliW/cm^-5 WW 
10^2. 10*' electrons/cm^ 
0.1 milliTorr - 10 Ton- 



Preferred Range 

-10° C 
250 nm 
4.5 eV 

10-100 milliW/cm^ 

10'^ electrons/cm^ 

1 milliTorr - 100 milliTorr 



Table 6 

25 Process Conditioned for Chemical Vapor Deposition 

Variable Range Preferred Range 

DC Bias Voltage 100 - 2000 V 500 V 
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AC Bias Voltage 


10 - 200 V 


50 V 


Pulsed Bias Voltage 




500 V 


Pulse Width 


10- 1000 msec 


1 msec 


Pulse Frequency 


lOHz-lOOOHz 


60 Hz 


DC Magnetic Field Strength 


100 - 2000 Gauss 


700 Gauss 


AC Magnetic Field Strength 


100 - 1000 Gauss 


500 Gauss 


AC frequency 


10 Hz -500 Hz 


50Hz-60Hz 


Pressure in Silent Discharge Generator 


lOOTorr- 1500 Ton- 


760 Ton- 


AC Power to Silent Discharge 
Generator 


100 Watts -2000 Watts 


500 Watts 



The plasma density is reported as electron density, but it is to be noted that ion 
density must be tiie same to maintain chaise neutrality of the plasma. Any non- 
uniformity of charge distribution can result in plasma damage to the thin fihn of low 
dielectnc material, as v«ll as imparting chaise to the integrated circuit components. 

Control of the plasma is by a magnetic field within the precursor chamber and 
m the deposition chamber. I„ the precursor reactor, the plasma is confined to any 
desired area, such as the center of the reactor. Additionally, alternating the polarity of 
the magnetic field stii. the plasma, ensuring even energy distribution within the plasma, 
thereby mcreasing the efficiency of dissociation of precursor molecules into reactive 
mtennediates. In the deposition chamber, the magnetic field is used to control the 
pattern of distribution of imemiediates over the wafer. This would serve two purposes- 
CD to dnm the deposition of precursor to the desired portion of the surface thus 
conserving the precursor, and (2) minimize film deposition on other parts of die reactor 
chamber, thus minimizing the required cleaning, minimizing particle generation, and 
simplifying the reactor chamber design. 

Another feature comprises the placement of an electrical bias voltage within the 
deposdon chamber. This provides a fiirther means of controlling die flow of plasma- 
.onized species to the site of deposition on the wafer. A bias voltage, in the form of 
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direct current (DC) or alternating current (AC) can be applied and modulated. Pulsed 
voltages can be used to alter the flow pattern of ions to either accelerate, decelerate, or 
to relate the density of the plasma ions in the stream reaching the wafer. 
Optimization of ion velocity and flow, thus can be obtained using various combinations 
of magnetic field and bias voltage. Table 6 shows the ranges of the various magnetic 
field and bias voltage variables which are regulated in this invention. 



Table 7 



Optimization of Electrical and Magnetic Field Variables for Association 



Variable 



Range 



Preferred Range 



Pressure in Silent Discharge 
Generator 



100 Torr- 1500 Torr 



500 Ton- 



AG Power to Silent Discharge 
Generator 



100 Watts 



2000 Watts 



500 Watts 



AC Magnetic Field Strength 
DC Magnetic Field Strength 



100 Gauss 



100 Gauss 



2000 Gauss 



1000 Gauss 



500 Gauss 



700 Gauss 
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Tables 

Optimization of Electrical and Magnetic Field Variables for Deposition 



Variable 

DC Bias Voltage iqo - 2000 V 

AC Bias Voltage i q . 200 V 

Pulsed Bias Voltage 100 - 4000 V 



**"g« Preferred Range 

500 V 
50 V 

500 V 



Pulse Width 



10 -1000 msec 1 msec 



Pulse Frequency 10 Hz - 1000 Hz 



60 Hz 



10 DC Magnetic Field Strengti, 100 - 2000 Gauss 700 Gauss 
AC Magnetic Field Strengti, 100 - 1000 Gauss 500 Gauss 



AC frequency 10 Hz -500 Hz 



50Hz-60Hz 



For transport polymerization of precumrs containing -H as a leaving group 
the inclusion of a "hydrogen membrane" may be dtsir^. When the p«cun«>R flow ' 
through the cracking apparatus, -H is cleaved from the reactive groups of the 
precursors, and this -H can dimerize to form molecular hydrogen. To prevent this 
hydrogen fi-om adsorbing onto the ^vafer surface, a membrane with pores of about 3 A 
to about 5 A in diameter. Because the size of molecular hydrogen is smaU enough to 
penetrate the membrane but the radical intermediates are not small enough, the hydrogen 
can be effectively removed fix>m ti.e cracking chamber and thereby avoid contaminating 

thepolymer. For other leaving groups, similar membranes with appropriate sized pores 
can also be used. 



^- <^'"*ter Tool For Multiple Depositions on Wafers 
Several of the above processes can be carried out using a single piece of 
equipment. Fig. 10 shows a schematic diagram ofa cluster tool 1000. Afirst 
1004 is a wafer cassette which holds one or more wafers for processing. A wafer is 
transported to a cleaning chamber 1008 where ti« wafer is exposed to VUV Bgbt of 
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wavelengths in the range of from about 1 80 nm to about 450 nm, or to UV light. This 
pie-treatment is to remove impurities from the wafer sur&ce prior to deposition of 
material with low dielectric constant. After cleaning, the wafer is transported to a first 
processing station 1012, where a first deposition occurs. The processing station 1012 
5 can be any of the devices depicted in Figures 4-9 above. After a first processing step 
at station 1012, the wafer is transported to a second processing station 1016, where 
fiirther deposition of low dielectric material occurs. Subsequently, the wafer is 
transported to a third processing station 1020, where a third layer of low dielectric 
material is deposited. It is desirable to deposit several layers of low dielectric material 

10 in different processing stations because there are likely to be variations in the flow 

patterns in the different stations. After the deposition steps have been completed, the 
wafer is transported to a fourth processing station 1024, where a fourth layer of low 
dielectric material is deposited. Differences in flow patterns may result in the uneven 
deposition of fihns in each station. It is imlikely that the uneven deposition pattern for 

1 5 each station will be the same. Therefore, by depositing multiple layers of polymer, any 
differences in thickness of precursor resulting from deposition in one station can be at 
least partially corrected by polymer deposition in another station. 

A step-gradient fibn can be made by depositing a siloxane-rich precursor 
mixture at station 1012, and a second mixture, containing, for example, a mixture rich 

20 in fluorinated aromatic precursors at station 1016. Subsequent additional layers with 
different compositions may be deposited at subsequ^t stations. 

Alternatively, the station 1024 can be used for post-deposition treatments, such 
as thermal annealing, reflow, plasma surftice treatments, or cross-linking by exposing 
the polymer fihn to VUV of wavelengths in the range from 1 80 nm to 450 nm. 

25 Another advantage of the cluster tool is the possibility of dq}ositing different 

types of polymers at the different stations. Thus, it is possible to deposit a first layer 
chosen to adhere tightly to the substrate, a second layer chosen to have certain dielectric 
properties, thermal stability, or mechanical stability. A third layer may be chosen the 
have the same or different properties. 
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E. Gradient Thin Films Of Siloxanes and Fluorinated 
Hydrocarbons 

Fig. 11 showsaschematic diagram of the manufectureofastep-gradient film 
1100 of this invemion. Substrate 1104 has a series of metal lines 1108 deposited on its 
surfece. Fig. Ha shows a layer ofsiloxane-richpolymerl 112 deposited on top of the 
metal lines and on the exposed substrate 1104. Fig. 1 lb shows a second layer of 
polymer, containing for example, a fluorinated aromatic hydrocarbon 1 1 16. The 
su,^ of layer 1116 as shown has been planarized. but pianarization need not be 
carried out, depending on the application. On top of this layer, another, siloxane-rich 
layer 1120 is deposited to permit the deposition of additional metal lines. TTus process 
can be earned out many times, resulting in the manufacture of a multi-layered 
semiconductor device. 

Fig. 12 shows a schematic diagram of the manufecture of a continuous gradient 
fibn 1200 of this mvention. Substrate 1204 has a series of metal lines deposited on its 
surface. Fig. 12a shows the portion of the continuous gradient containing a siloxane- 
rich layer containing the least amount of fluorinated aromatic hydrocarbon (light 
shading) 1212, and the intermediate portion of the polymer fihn containing an 
intemiediate concentration of fluorinate aromatic hydrocarbon 1216. Further from the 
metal lines, and further from the substrate 1204. the relative concentration of fluorinated 
aromatic hydrocarbon-containing polymer incr^es relative to the concentration of the 
siloxane-rich portion, making a portion of the gradient film which has a high 
concentration of fluorinated aromatic hydrocarbon 1220. The surfece of the polymer 
layer 1220 is shown after planarization, but planarization need not be carried out, 
depending on the appUcation. On top of this layer, another, siloxane-rich layer 1224 is 
deposited to pennit Ae deposition of additional metal lines. TTus process can be carried 
out many times, resulting in the manufecture of a multi-layered semiconductor device. 
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Examples 



Example 1 
Deposition of SUoxane Polymer Film 

5 The parallel plate plasma system with magnetic confinement was used for 

polymerization of {Si-(OCH3)2}4 on a 4 inch diameter wafer. The power level was set 
at 80 Watts, the precursor flow rate was set at 75 SCCM, the deposition time was 20 
minutes, and the deposition rate was 0.08 ^i/min. The film had a K of 2.32, Tg was 
240° C, and the residual stress on silicon substrate was 37 MPa, 

10 

Example 2 

Deposition of Siloxane Hydrocarbon Polymer Film 

The plasma system described in Example 1 above was used for polymerization 
of an admixture of 60 molar % of {Si-(OCH3)2}4 and 40 molar % of CF3-C6H4-CF3. 
1 5 The power level was set at 200 Watts, the precursor flow rate was set at 90 SCCM, the 
deposition time was 20 minutes, the deposition rate was 0. 1 2 |im/min. The film had a K 
of 2.21, a Tg of 3 lO"" C, and a residual stress on a silicon substrate of 40 MPa. 

Example 3 

20 Co-Polymerization of a Siloxane Hydrocarbon Polymer Film 

The plasma system described in Example 1 above was used for polymerization 
of an admixture of 40 molar % of {Si-(OCH3)2}4 and 60 molar % of CF3-C6H4-GF3. 
The power level was set at 200 Watts, the precursor flow rate set at 90 SCCM, the 
deposition time was 20 minutes, the deposition rate was 0. 12 fim/min. The fihn had a K 

25 of 2.2 1, a Tg of 3 1 0** C, and a residual stress on a silicon substrate of 32 MPa. 

The forgoing descriptions and Examples are included for illustrative purposes 
only, and are not int^ded to limit the scope of the invention. Other features, aspects 
and objects of the invention can be obtained fi-om a review of the figures and the claims. 
It is to be understood that other embodiments of the invention can be developed and fall 

30 within the spirit and scope ofthe invention and claims. 



wo 99/21706 



PCT/US98/2175S 



10 



-42- 

Incorporation of Reference 



Each of the references cited above in this application is herein incoiporated 
fully by reference. 



Industrial Applicability 

TTiis invention includes novel precursors and methods for making sealants with 
low dielectric constant, high tiiermal stability, and high mechanical strength. The 
polymers include fluorinated aromatic moieties and can be used to manufecture thin 
fihns and integrated circuits. 

Other features, aspects and objects of the invention can be obtained fiom a 
review of the figures and the claims. 
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WHAT IS CLAIMED IS: 

1 . A method for optimizing the deposition of siloxanes and fluorinated aromatic 
polymers by controlling at least one of the power level of a reactor, the gas flow rates to 

5 the reactor, the vacuum pressure inside the reactor and the mixture of siloxanes and 
fluorinated aromatic polymers. 

2. The method of claim 1, wherein the concentration of siloxanes decreases and the 
concentration of aromatic hydrocarbons increases as deposition on a substrate occurs in 

10 order to provide an adhesive layer on the substrate overlaid by a layer of material with 
low dielectric constant. 

3. The method of claim 1, wherein the mixture of siloxanes and aromatic 
hydrocarbons is varied to provide an adhesive layer on a substrate overlaid by a layer of 

1 S material with low dielectric constant. 

4. The method of claim 1 , wherein the reactor is one of a plasma enhanced, high 
density plasma enhanced and a photon assisted process of transport polymerization or 
chemical vapor deposition. 

20 

5. The method of claim 1, wherein the power levels range from about 1 W/cm^ to 
about 20 W/cm^ and preferably from about 12 W/cm^ to about 20 Wcxv? 

6. The method of claim 5, wherein the power levels for an 8 inch diameter wafer 
25 ranges from about 500 Watts to about 4000 Watts. 

7. The method of claim 1, wherein the gas flow rates range from about 30 SCCM 
to about 90 SCCM and preferably from about 50 SCCM to about 75 SCCM. 
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8. The method of claim L wherein the reaction is carried out ^vith a vacuum 
Piessuie range of about 1 mTorr to about lOOmiUiTorr. and preferably from about 2 to 
lOmilliTorr. 



9. The method of claim 1 for making void-free thin films with dielectric constants 
rangmg from about 2.0 to 2.6 can be obtained with deposition rates ranging from about 
lOOA/min to about 4000A/min. 



10 10. •n.e method of claim 1 for making fibns having glass transition tempemu«s 
rangmg from about 150« C to about 400" C. preferably about 300° C. 

11. The method of claim 1 for making fihns having residual stress of from about - 
50 MPas on the compressive side to about 50 MPa on the tensile side, preferably about 

15 -10 MPa on the compressive side. 

12. A method for optimizing the deposition of siloxanes and fluorinated aromatic 
polymer, by controlling the mixture of siloxanes and fluorinated an,matic polymers. 

20 13. n,e method of clam: 12 wherein the s:loxanes p«,vide both adhesion and barrier 
fimcuons, and wherein the fluorinated aromatics provide barrier and low dielectric 
flmctions. 



25 



14. The method of claim 12, wherein the mixture of siloxanes and 



aromatic 



hydrocarbons is varied to provide an adhesive layer on a substrate overlaid by a layer of 
material with low dielectric constant. 

15. A method for depositing void-free thin fihn dielectrics with dielectric constants 
ranging from about 2.0 to about 2.6. 
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1 6. A method for depositing void-free thin fihn dielectrics, wherein the deposition 
rates range from about lOOA/min to about 4000A/min. 

5 17. A method for depositing thin fibn dielectrics on metal, wherein a first deposit is 
of a siloxane dielectric having a thickness of about 100 A to about 5 00 A, and a second 
deposit is of a fluorinated aromatic dielectric. 

1 8 . The method of claim 1 7, wherein the mixture of siloxanes and aromatic 

10 hydrocarbons is varied to provide an adhesive layer on a substrate overlaid by a layer of 
material with low dielectric constant. 

19. A method of depositing a thin film dielectric by depositing copolymers of 
siloxanes and fluorinated aromatic compounds by introducing admixtures with varying 

1 S ratios of siloxanes and fluorinated aromatic precursors. 

20. A method for depositing a hydrophobic thin fihn dielectric, comprismg 
depositing a thin fihn of a siloxane and a fluorinated aromatic polymer by controlling 
the mixture of siloxanes and fluorinated aromatic precursors. 

20 

21. The method of claim 20 for depositing a thin fihn dielectric for hermetically 
sealing an (copper) integrated circuit employing interconnect comprised of polysiUcbn, 
aluminum, copper, mixtures of such materials including incorporation of refiractory 
materials selected from the group consisting of W, Ta, Ti, Pt, and Ag. 

25 
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10 



15 



25 



30 



22. A senuconductor thin film made from a precursor, said precursor having the 



structure: 

R' 
I 

I 

R" 



wherem R' and R" are selected independently from the group consisting of fluorinated 
alkyl groups; aromatic mono-, di-. tri-or tetm-radicals. and fluorinated derivatives of 
aromatic mono-, di-, tri-or tetra-radicals, and wherein n is an integer of from about 2 to 
about 7. preferably from about 4 to about 5, and wherein said p«cun«,r is p^cessed in 
at least one of a transport polymerization process and a chemical vapor deposition 



process. 



23. A semiconductor Ihin fihn comprising molecular structures of siloxane and 
aromatic moieties, with high rotational flexibility between said siloxane moieties and 
said aromatic moieties to pennit tight bonding of the molecule to the substrate. 



20 24 



The semiconductor thin fihn of claim 23. wherein the aromatic moieties are 
fluorinated. 



25. The semiconductor thin fihn of claim 23, wherein the thin fihn is made from a 
precursor, said precursor having the structure: 

R' 

I 

(-0-Si-)„ 
I 

R" 

wherein R' and R" are selected independently from the group consisting of fluorinated 
alkyl groups; aromatic mono-, di-. th-or tetra-radicals, and fluorinated derivatives of 
aromatic mono-, di-, tn-or tetra-radicals, and wherein n is an integer of fixm, about 2 to 
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about 7, preferably from about 4 to about 5, and wherein said precursor is processed in 
at least one of a transport polymerization process and a chemical vapor deposition 
process. 

26. " The fihn of claim 22 used as a barrier layer. 

27. The fihn of claim 22 used as a barrier layer over a metalization layer. 

28. The film of claim 22 used as an adhesion layer. 



29. The thin fihn of claim 22, wherein the R' and R" groups of said precursor are 
selected independently from the group consisting of -H, -CH3, -CF3, -(CH2)„-CF3, 

15 -Q(CF3)H„ 

-C6FnH(6.„), wherein n is an integer of from 0 to 6, 

.CF3-C6F5, 

-CF3-QF4-CF3, 

-CF3-QF4-C5F5, 
20 -CF3-QF4-C6F4-CF3, 

-cf,<:a-cf2, 

-CioH(5^»)F„-, vdierein n is an int^er ranging from 0 to 6, 

-Ci2H(g^)F„-, Miierein n is an integer ranging from 0 to 8, 
25 -C,3Hc7.«)Fft-, wherein n is an integer ranging from 0 to 7, 

-Ci4H(g^»)F„-, wherein n is an integer ranging from 0 to 8, 

-Ci6H(,o^yFn-, wherein n is an integer ranging from 0 to 1 0, 

"^ioH(8^i)F„- wherein n is an integer of from 0 to 8, 

-€i6H(s,„)F„-, wherein n is an integer of from 0 to 8, 
30 -CigH(io.„)F„-, wherem n is an integer from 0 to 10, 
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■(C6H^„FJ-(C,oH^FJ-, where n is an integer of from 1 to 4 and m is an integer of 
from 1 to 6, and 

-(C|4H(^„)FJ-(C,6H(8.„)F>, wherein n and m are independently integers of fiDm I to 8. 

30. A semiconductor thin fihn made from a precursor with the formula: 
Y - Ar - (Y% wherein Y and Y' are leaving groups, z is an integer ranging from 1 to 
about 6, and Ar is an aromatic compound having at least one of a sp^C-sp^C double 
bond, a sp^C-H bond and a sp^C-F bond, and the film is used as one of a barrier layer 
and an adhesion layer. 



31. The semiconductor thin film of claim 30, wherein Y and Y' are independently 
selected from the group consisting of -H, -CI, -Br, -NR, -SR, -SiR,, -NR^and -SO^R, 
wherein R is selected independently from the group consisting of -H, an alky group and 
an aromatic mono-radical, and Ar is an isomer selected from the group consisting of 
1 5 -C6F„H(^„), wherein n is an integer of from 0 to 6, 
-CF3-C,Fs, 
-CF3-QF,-CF3, 
-CF,-C,F,-C«Fj. 
-CFj-QF^-CfiF^-CFa, 
20 -C,oF„ 

-CF^-CeH^-CFj, 

-CioH(6^,) F„-, wherein n is an int^er ranging from 0 to 6, 
•^u^,^^) F„-, wherein n is an int^r ranging fiom 0 to 8, 
-CbH(7.„) F„-, wherein n is an int^er ranging tmm 0 to 7, 
25 -C,4H(g„)F„-, wherein n is an integer ranging from 0 to 8, 
-C|6H(,(^)F„-, wherein n is an integer rangmg fix>m 0 to 10, 
■CioH(,^,)F„- wherein n is an integer of from 0 to 8, 
■Ci6H(8.„)F„-, wherein n is an integer of fixjm 0 to 8, 
"Ci6H(i(v„)F„- wherein n is an int^er torn 0 to 10, 
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-(C6H4.„FJ-(C,oH6^„FJ-, where n is an integer of from 1 to 4 and m is an integer of 
from 1 to 6, and 

-(Ci4H(8^)FJ-(C,6H(8.n)Fn)-, wherein n and m are independently integers of from 1 to 8. 

5 32. The semiconductor thin film of claim 30, wherein Y is a leaving group selected 
from the group consisting of -H and -F. 

33. The semiconductor thin film of claim 30, wherein the end-to-end length of the 
aromatic moiety is at least 4 A. 

10 

34. The semiconductor thin fihn of claim 30, wherein the end-to-end length of the 
aromatic moiety is at least 6 A. 

35. The thin film of claim 22 or claim 30, wherem said precursor is processed using 
1 5 one of a transport polymerization process or a chmucal vapor deposition process. 

36. A thin film of claim 35, wherein the transport polymerization process is selected 
from at least one of the group consisting of plasma enhanced transport polymerization, 
high density plasma transport polymerization, photon assisted transport polymerization, 

20 plasma enhanced chemical vapor deposition, high d^sity plasma chemical \apoT 
deposition, and photon assisted chemical vapor deposition. 

37. The thin film of claim 35, wherein the photon assisted process utilizes 
electromagnetic radiation of at least one of infiared, ultraviolet and vacuum ultraviolet 

25 wavelengths. 



38. The thin film of claim 37, wherein the vacuum ultraviolet light is generated 
using incoherent excimer radiation. 
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39. The thin film of claim 36, wherein the plasma is generated using one of a radio 
frequency generator and a microwave generator. 

40. The thin film of claim 39, wherein the plasma is generated using radio 
5 frequencies in the range of from about 1 kHz and about 2.5 GHz. 

41. nie thin fihn of claim 40, wherein the plasma is generated using radio 
frequencies in the range of from about 400 kHz to about 14 MHz. 

10 42. The thin fihn of claim 40, wherein the plasma is generated using radio 
frequencies of about 13.56 MHz. 

43. nie thin film of claim 40, wherein the plasma source power is in the range of 
about 100 Watts to about 4000 Watts and the chamber pi^sure is in the range of about 

15 O.OI milliTorr and about 10 milliTorr. 

44. Thethinfihnofclaim40,whereintheplasmasourcepowerisintherangeof 
about 1 Watt/cm^ to about 15 Watt/cm\ and is preferably about 5 Watt/cml 

20 45. The thin film of claim 40. wherein the plasma is generated using a microwave 
generator. 



46. The thin film of claim 45, wherein the microwave power is between about 200 
Watts and about 700 Watts. 



25 



30 



47. The thin film of claim 45. wherein the microwave power is between about 400 
Watts and about 600 Watts. 

48. Tie thin film of claim 45, wherein the microwave power is about 500 Watts. 
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49. A method of manufacturing a step-gradient thin film comprising: 

(a) selecting a first precursor, 

(b) selecting a second precursor, 

(c) processing said first precursor in at least one of a transport 

5 polymerization and chemical vapor deposition system to dissociate said first precursor, 

(d) depositing a thin film of polymer comprised of said dissociated first 
precursor, 

(e) processing said second precursor in at least one of a transport 
polymerization and chemical vapor deposition system to dissociate said second 

10 precursor, 

(f) depositing a thin film of polymer comprised of said dissociated second 
precursor. 

50. The semiconductor thin fihn made by the process of claim 49. 

15 

51. A semiconductor thin fihn of claim 50, wherein said first layer comprises 
molecular structures of siloxane and aromatic moieties, with high rotational flexibility 
between said siloxane moieties and the aromatic moieties to permit tight bonding of the 
molecule to the substrate. 

20 

52. The semiconductor thin film of claim 50, having an adhesive layer comprising a 
siloxane, and a low dielectric constant layer comprising fluorinated aromatic moiety. 

53 . The semiconductor thm fihn of claim 50, wherein said first layer comprises 
25 essentially a siloxane, and wherein said second layer comprises essentially a 

hydrocarbon. 



54. The semiconductor thin fihn of claim 50, wherein said first layer comprises a 
adhesion layer, and wherein said second layer comprises a barrier layer. 
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55. The semiconductor thin film of claim 50, including a metalized layer, wherein 
said first layer comprises a adhesion layer laid down on the metalized layer, and said 
second layer comprises a barrier layer laid down on the adhesion layer. 

5 56. A method for manufacturing a continuous-gradient thin fihn comprising: 

(a) selecting a first amount of a first precursor, 

(b) selecting a first amount of a second precursor, 

(c) mixing said first and second precursors, 

(d) dissociating said mixture, 

1 0 (e) depositing said dissociated said mixture, 

(f) progressively changing the relative proportions of said first precursor 
and said second precursor in said mixture, 

(g) processing said mixture in at least one of a transport polymerization 
and chemical vapor deposition system to dissociate said mixture of first and second 

15 precursors, 

(h) depositing said mixture of dissociated precursors to form the gradient 
of semiconductor thin film. 



20 



25 



57. A semiconductor thin fihn made by the process of claim 56. 

58. A semiconductor thin fihn of claim 56, wherein said first layer comprises 
molecular structures of siloxane and an aromatic moiety, with high rotational flexibility 
between said siloxane and said aromatic moieties to permit tight bonding of tiie molecule 
to the substrate. 

59. The method of claim 49 or 56, wherem the first precursor is a siloxane layer 
which provides adhesion and barrier layer fimctions and the second precursor is a 
fluorinated aromatic hydrocarbon layer which provides high thenmal stability and low 
dielectric constant fimctions. 



30 
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60. The method of claim 49 or 56, wherein the first precursor provides adhesion 
and barrier layer functions and the second precursor provides high thennal stability and 
low dielectric constant functions. 

5 61. The semiconductor thin film of claim 49, wherein said first layer comprises 
essentially a siloxane, and wherein said second layer comprises essentially a 
hydrocarbon. 

62. The semiconductor thin fihn of claim 49, wherein said first layer comprises a 
1 0 adhesion layer, and wherein said second layer has a glass transition temperature of 

greater than about 400^ C, and a dielectric constant of between about 2.0 and about 2.6. 

63. The semiconductor thin fihn of claim 49, including a metalized layer, wherein 
said first layer comprises a adhesion layer laid down on the metalized layer, and said 

1 5 second layer comprises a layer having a glass transition temperature of greater than 

about 400° C, and a dielectric constant of between about 2.0 and about 2.6. laid down 
on the adhesion layer. 

64. The semiconductor thin fihns of claim 49 or claim 56, wherein the residual 
20 stress is between about 5 and about 30 MPa at room temperature. 

65. A semiconductor thin film comprising a siloxane layer providing an adhesion 
and barrier layer functions and a fluorinated aromatic hydrocarbon layer providing high 
thermal stability and low dielectric functions. 

25 

66. A polymer thin fihn which inhibits the exposure of semiconductor devices to 
water. 

67. A polymer thin fihn comprising which inhibits the difiusion of metal ions into 
3 0 said polymer thin film. 
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